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REMARKS 

Claims 1, 53, 54, 57, 59, 60, and 120-122 are pending in the application. Claims 1, 53, 59, 
and 121 have been amended and claims 123-131 have been added. Accordingly, claims 53, 54, 57, 
59, 60, and 120-131 will be remain pending in the application upon entry of the claim amendments 
presented herein. 

Claims 1, 53, and 59 were amended to coixect antecedent basis. Claim 121 was amended to 
correct a typographical error. Claim 123-129 have been added to claim more fully the instant 
invention. Support for the claim amendments can be found throughout the specification and claims as 
originally filed In particular. Support for claim 123 can be found at least, for example, in Example 5 on 
page 91 of the specification and in Table 3 on page 104 of the specification. Support for claims 
124-129 can be found in original method claims 27-29 and 41-43. No new matter has been added. 

Amendment and cancellation of the claims are not to be construed as acquiescence to any of 
the rejections/objections made in the instant Office Action or in any previous Office Action, and 
were done solely to expedite prosecution of the application. Applicants hereby reserve the right to 
pursue the claims as originally filed, or substantially similar claims, in one or more subsequent 
patent qjplications. 

Eiection/Resirictions 

Applicants note that the restriction requirement in this application was issued on July 21, 
2004, before the recent changes in restriction practice were put in place. Specifically, MPEP § 
82 1 .04(b) now provides as follows: 



Where claims directed to a product and to a process of making 
and/or using the product are presented in the same application, 
applicant may be called upon under 35 U.S.C. 121 to elect claims 
to either the product or a process. See MPEP § 806.05(f) and § 
806.05(h). The claims to the nonelected invention will be 
withdrawn fi-om further consideration under 37 CFR LI 42. See 
MPEP § 821 through §821.03. However, if applicant elects a 
claimfs) directed to a product which is subsequently found 
allowable, withdrawn process claims which depend from or 
otherwise require all the limitations of an allowable product 
claim will be considered for rejoinder, Alt claims directed to a 
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nondected process invention must depend from or otherwise 
require all the limitations of an allowable product claim for that 
process invention to be rejoined Upon rejoinder of claims 
directed to a previously nonelected process invention, the 
restriction requirement between the elected product and rejoined 
process(es) will be withdrawn, [Emphasis added.] 

The method claims as originally filed had been withdrawn fix)m further consideration 
directed to non-elected subject matter and were cancelled to expedite prosecution of the application. 
However, in view of MPEP § 821.04(b), Applicants have added herein method claims 124-131 
(corresponding to original method claims 27-29 and 41-43), which depend from and include all the 
limitations of the elected product (yeast cell claims). Presumably, these new claims will be 
withdrawn from further consideration as the method claims were not elected. However, upon a 
finding that the pending elected yeast cell claims are allowable, Apphcants respectfully request that 
method claims 124-131 be rejoined pursuant to the provisions of MPEP § 821.04(b). 

Objection to the Oath/Declaration under 3 7 CF,R. L67(a) 
The Examiner objects to the Declaration, Petition, and Power of Attorney for Patent 
Application filed on June 16, 2000 as allegedly unsigned. Applicants respectfully point out that 
back in 2000, prior to the advent of Application Data Sheets, it was customary to file concurrently 
with the ^plication an unexecuted Declaration in order to provide the Patent Office with all the 
relevant information for the application. However, the Examiner^s attention is invited to the 
compilation of executed declarations filed on March 5, 2001 concurrently with a response to a 
Notification of Missing Requirements. Althoxigh it appears that any one of the declarations is not 
fully executed. Applicants remind the Examiner that in applications having multiple inventors 
situated in multiple locations, the MPEP pennits submission of a compilation of signed declarations, 
provided the compilation provides signatures of all the inventors. Such is the situation here and, 
therefore, this objection should be withdrawn. 
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Objection to the Drawings 
The Examiner objects to the drawings "because tables and sequence listings included in the 
specification must not be duplicated- in the drawings." The Examiner is apparently objecting to 
Figure 1, which includes several sequences, 37 C.F.R. § 1 .83 requires that **tables and sequence 
Ustings that are included in the specification are, except for applications filed under 35 U.S.C. 371, 
not permitted to be included in the drawings." Applicants note that although Figure 1 includes a 
number of sequences, it is not ' *a sequence listing ." Figure I presents a sequence alignment that 
provides information regarding the sequence identity that exists between the N-terminal regions of 
Gasubunits and N-temiinal sequences of GPA41-Gahyrid proteins. 37 C.F.R. § 1.83 does not 
apply to sequence alignments. Moreover, the the sequence alignment is not found in the sequence 
listing. Thus, the objection to the Drawings should be withdrawn. 

Clamt Rejections - 35 aS-G § 112, First Paragraph 
Claims 1, 53, 54, 57 and 120-122 are rejected under 35 U,S.C, § 112, first paragraph as 
lacking enablement in the specification. Although the Examiner alleges that the fiill scope of the 
claims is not enabled by the specification, the Examiner does admit on page 5 of the OfSce Action 
that the claims are enabled for the G-protein coupled receptors listed in Example 5 on page 91 of the 
specification and in Table 3 on page 104 of the specification. 

The claims are directed to yeast cells that contain a heterologous G protein-coupled receptor 
(GPCR) and a chimeric G protein subunit .which contains an endogenous yeast Gpal subimit in 
which at least the last foux C-terminal amino acids of Gpal are replaced with at least the last four C- 
tenninal amino acids of a first heterologous G protein subunit, and in which the N-tenninus of said 
Gpal is operably linked to at least the first five N-tenninal amino acids of a second heterologous G 
protein subunit (claims 1 and 120-122); or in which at least the last four C-temiinal amino acids of 
said Gpal are replaced with at least the last four C-terminal amino acids of a first heterologous G 
protein subunit, and in which at least the first five N-terminal amino acids of said Gpal are replaced 
with at least the first five N-terminal amino acids of a second heterologous G protein subunit 
(claims 53, 54 and 57). Claims 59 and 60 are directed to a chimeric G-protcin subunit which 
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comprises an endogenous Gpal subunit in which at least the last four C-terminal amino acids of 
said Gpal are replaced with at least the last four C-terminal amino acids of a first heterologous G 
protein subunit, and in which the N-terminus of said Gpal is opcrably linked to at least the first five 
N-terminal amino acids of a second heterologous G protein subunit, where the first and second 
heterologous G protein subunits are the same or different, * 

The claims are rejected under 35 U.S.C. § 112, first paragraph, as allegedly lacking 
enablement based on the following assertions: fir^t, that Applicants have failed to disclose common 
structural and/or functional characteristics of GPCRs in combination with G-protein subunits; 
second, that the interaction between GPCRs and G proteins is unpredictable; and third, that 
Applicants' have failed to enable the use of GPCRs or Gpal subunits not specifically described itl 
the specification- Apphcants respectfully disagree. For the reasons provided below, the rejection 
should be withdrawn. 

L GPCRs have characteristic structural and functional features 

At the time of filing G protein-coupled receptors were well known in the art and were 
widely recognized as having a number of identifying stmctural and functional characteristics. G 
protein-coupled receptors comprise a chain of amino acids that passes through the cell membrane 
seven times (page 2, lines 2-5). This characteristic structural feature is the reason that G protein- 
coupled receptors are commonly referred to as seven-transmembrane receptors (STRs) (page 2, 
lines 2-5). All G protein-coupled receptors propagate an intercellular signal via G proteins (page 1 , 
hnes 24-26). G proteins, which consist of a, p, and y subunits, are complexed with guonosine 
diphosphate in the inactive state (page 1, lines 28-30). Ligand binding to the G protein-coupled 
receptor induces a conforaiational change that alters its interaction with the G protein and triggers 
release of GDP and binding of GTP (page 1, lines 26-28). The activated GTP-bound G protein 
triggers a downstream signal transduction pathway via second messenger signaling that i$ a function 
shared by all G protein-coupled receptors (page 1 , lines 32-34). 

Thus, G protein-coupled receptors are structurally and functionally related proteins 
characterized by seven membrane-spanning alpha helices, an N-tenninal segment on the exoplasmic 
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face and a C-terminal segment on the cytosolic face of the plasma membrane. Although these 
receptors are activated by different ligands and may mediate different cellular responses, they all 
mediate a similar signaling pathway. 

All G protein-coupled receptors follow the same functional paradigm. The binding of 
ligands to the extracellular domain of G protein-coupled receptors induces a conformational change 
that allows the cytosolic domain of the receptor to bind to a G protein associated with the inner face 
of the plasma membrane. G proteins consist of three subunits, designated a, and This 
interaction activates the G protein, which then dissociates from the receptor and carries the signal to 
an intracellular target or "effector." Essentially, dissociation of the G-protein heterotrimer into Ga 
and G^ units transmits the signal that the receptor has boimd its ligand. 

All G protein-coupled receptor ligand binding activates a G protein, which in turn activates 
or inhibits an effector that generates a specific second messenger or modulates an ion channel, 
causing a change in membrane potential. Adenylyl cyclase, which catalyzes the formation of cAMP 
from ATPj is the best-characterized effector regulated by trimeric G proteins. All adenylyl cyclase 
isofoims are stimulated by Gsa, and certain isoforms are inhibited by Gia and Gsa, Gia. As a 
resultj adenylyl cyclase is stimulated or inhibited by many different G protein-coupled receptor 
ligands. 

Given their conunon functionality, G protein-coupled receptors enable different receptor- 
hormone complexes to modulate the activity of the same effector protein, adenylyl cyclase. In 
many types of cells, for example, binding of different hormones to their respective receptors induces 
activation of adenylyl cyclase. In the liver, glucagon and epinephrine bind to different G protein- 
coupled receptors, but binding of both hormones activates adenylyl cyclase and thus triggers the 
same metabolic responses. In adipose cells, for example, epinephrine, glucagon, and ACTH all 
stimulate adenylyl cyclase. 

Accordingly, these characteristic structural and functional characteristics allow one skilled in 
the art to readily identify a polypeptide as a G protein-coupled receptor. The Examiner 
acknowledged as much at page 8, lines 1-3, where the Examiner stated that **the GPCR protein 
family share common structures such as transmembrane regions and G-protein interaction regions." 
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Further evidence that one of skill in the art could readily identify polypeptides as G protein-coupled 
receptors is provided in the following publications: Khorana, J. Biol, Chem. 267:1-4, 1 992 
(hereinafter "iOiorana'O; Stiles, J. BioL Chem 267:6451-6454, 1992 (hereinafter "Stiles"); and 
Hosey et al., FASEB J. 6:845-852, 1992 (hereinafter "Hose/*) (Exhibits A-C), each of which 
provides a review of the conserved structural and functional features of G protein coupled receptors, 

Khorana describes the "An Emerging Pattern for Structure and Function" of rhodopsin, 
which is a seven transmembrane receptor (Figure l)which is coupled to GTP-binding proteins (page 
1, left column, first paragraph) and propagates a downstream signal transduction pathway as shown 
in Figure 2, and as described at page 1, right colunrn, under the heading **Biochemical Aspects of 
Sensory Functions; and Figure 4. Regarding the structure-function of rhodopsin and other G 
protein-coupled receptors, Khorana states *'It is reasonable to expect that the structure-function 
pattern presented above for rhodopsin will apply to all the visual pigments as well as to a 
ttiaioritv of the G-coupled receptors . The conserved sequences in different regions of the 
receptors support this conclusion (page 4, left column, third full paragraph; emphasis added; 
citations omitted)." 

Further evidence that the structure and function of G protein-coupled receptors were known 
in the ait at the time of filing is provided by Stiles, who provides a review of adenosine receptors. 
Adenosine receptors are G protein coupled receptors that have a seven-transmembrane domain 
spanning motif (Figure 1). Like other G protein-coupled receptors, adenosine receptors are coupled 
to G proteins (Table I) and ligand binding to the adenosine receptor effects downstream signal 
transduction pathways by regulating, for example, adenylyl cyclase activity (page 6452, right 
column, under the heading '^Receptors Effector Coupling). 

Still further evidence that the structure and function of G protein-coupled receptors was 
known in the art at the time of filing is provided by Hosey, Hosey provides a review of the 
structure, signaling and regulation of muscarinic cholinergic receptors. Muscarinic receptors are G 
protein coupled receptors that have seven transmembrane domains (Figure 1). Like other G protein 
coupled receptors, ligand binding to the various muscarinic receptor subtypes modulates 
downstream signal transduction pathways, including adenylate cyclase (Figure 2), Regarding 
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muscarinic receptors, Hosey states "there has been an explosion of information concerning the 
structure, signaling and regulation of what is now known to be a family of muscarinic receptors. 
This review discusses the five identified members of the mAChR family and their coupling to the 
multible G proteins that allow mAChRs to modulate many different types of signal transduction 
pathways." 

As evidenced in each of the afoie-mentioned publications, G protein coupled receptors were 
known in the art at the time of filing to have conserved structural and functional features that would 
allow one of skill in the art to readily identify polypeptides as G protein coupled receptors. In 
addition, as evidenced in Applicants' specification^ Applicants have identified common structural 
and functional characteristics of G protein-coupled receptors in combination with G-protein 
subunits. Accordingly, this basis for the rejection should be withdrawn, 

2. C protein subunits and G protein-cQupled receptors interact in a predictable fashion 

In support of the enablement rejection, the Examiner asserts that interactions between G 
protein-coupled receptors and G protein subunits are highly unpredictable. Specifically, the 
Examiner states: 

The signal transduction pathway involving G-protein coupled 
receptor (GPCR) and G-protein are not completely understood in 
the art. Although the structure of certain GPCR and G-protein 
heterotrimeric complex have been solved, the intricate structural 
interaction between the receptor and the G-protein, as well as the 
interaction among the various subunits (alpha, beta, and gamma) of 
the G-protein itself are not clearly defined in the ail, (Office action 
mailed August 24, 2007 page 7, lines 16-21) 

The standard for enablement does not require that Applicants understand '^he intricate structural 
interactions" among all of the various components of the G protein-coupled receptor signalling 
pathway. The proper test of enablement is '"whether one reasonably skilled in the ait could make or 
use the invention fi-om the disclosures in the patent coupled with the information known in the art 
without undue experimCTtatiorL** HybritecK Inc, v. Monoclonal Antibodies^ Inc, 802 F.2d. 1318 
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(Fed, Cir. 1985). Applicants have clearly met this standard by disclosing methods for generating 
the claimed yeast cells and G protein chimeras. 

Proper signal transduction requires that each G protein-coupled receptor interact with only 
specific subclasses of G proteins (page 67, lines 1-10). Applicants discovered that the coupling 
specificity of heterologous G protein-coupled receptors expressed in yeast can be enhanced by 
generating "sandwich chimera" in which Gpal sequences are flanked at the amino and carboxy- 
terminal ends by heterologous Ga sequences (page 69, line 22, to page 72, line 29). Construction of 
these sandwich chimeric G proteins generally involves replacing C-terminal amino acids of Gpal 
with C-temiinal amino acids of a heterologous Go; subunit and either replacing N-terminal amino 
acids of Gpal with N-terminal amino acids of a heterologous Gof subimit or adding N-texminal 
amino acids of a heterologous Ga subunit to the amino terminal of Gpal using standard molecular 
biological techniques. The coupling specificity of the sandwich chimeric G proteins to a 
heterologous GPCR is tested in yeast cells using, for example, the Fusl-pHlS3 screening assay 
described in Example 12 (page 107, line 32, to page 108, line 15). Provided with Applicants 
specification one skilled in the art could predictably generate the claimed yeast cells and sandwich 
chimeric G proteins. 

To illustrate the alleged unpredictability of the claimed invention, the Examiner cites 
Lambright, et al (Nature 379:31 1-319, 1996; hereinafter "Lambright"), Brown, et al. (WO 
99/14344; hereinafter "Brown"), and Busconi, et al, {Biochem J, 328:23-31, 1997), each of which 
purportedly shows the *1iighly unpredictable nature of combining any GPCRs (derived firom various 
sources) with CJpal chimeric (which comprises partial Ga amino acid sequences fironj various 
sources) (page 9, lines 5-7)/* The Examiner's reliance on these references is misplaced. The cited 
references merely exemplify the state of the art prior to Applicants' claimed invention. As 
acknowledged by the Examiner, the cited references describe various mutant Ga subunits that fail to 
functionally coupling to heterologous G protein-coupled receptors. These references demonstrate 
the need for yeast cells having improved coupling with a variety of heterologous GPCRs. 

In further support of the unpredictabihty of the art, the Examiner notes that AppUcants' 
specification discloses several Gpal chimeric subunits that do not functionally couple with 
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particular manunalian receptors. Even if, as the Examiner suggests, not every claimed yeast cell or 
Gpal chimera successfiilly couples to a heterologous receptor, this does not mean that the present 
claims are overbroad or non-enabled. The Federal Circuit has long held that it is not necessary for 
all possible embodiments of a claim to be operative in order for that claim to be enabled. See Adas 
Powder Co, v, KL du Pont de Nemours & Co., 750 F.2d 1569, 224 USPQ (Fed. Cir. 1984), Thus, 
this basis for the enablement rejection should also be withdrawn, 

3. Routine methods identify compatible G protein-coupled receptors and sandwich 
chimeric G proteins 

Finally, the Examiner asserts that the specification provides it^sufficient guidance to enable 

the full scope of the claims and that undue experimentation would be required to determine the 

compatibility of various G protein-coupled receptors and Gpal subimit combinations. In particular, 

the Examiner states; 

The art has not demonstrated that all the desired GPCR and Gpal 
chimeric can be successfully expressed in yeast cells and would 
possess the desired signal transduction mechanism. The instant 
specification and/or claims only provide an invitation to 
experiment with different combination of GPCR and Gpal that 
may or may not produce the desire recombinant yeast cell. 
Because the instant specification only provides guidance for only a 
few examples of yeast recombinant cells that comprises a certain 
types of GPCR and Gpal chimera, undue experimentation would 
be required to produce the claimed genus of recombinant, yeast 
cells. 

Applicants respectfully disagree. 

Apphcants describe yeast cells comprising a chimeric G protein subunit that functionally 
integrates a heterologous G protein-coupled receptor into the pheromone response pathway of the 
yeast cell, such that modulation of the signal transduction activity of the heterologous G protein- 
coupled receptor by an extracellular signal provides a detectable signal (pages 107 to page 108, 
under the beading "GPAl-Gq sandwich improves functional activity of a bradykinin-responsive 
receptor"). In particular, Apphcants report that the GPAl-Gq sandwich chimera increased couphng 
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by the hunian bradykinin responsive receptor 2 in a functional assay. •^Applicants state "6 
galactosidase activities were increased 26-fold in yeast cells transformed with Gcq(l-1 1)-GPA1(6- 
467)-GQq(355-359). . Applicants also report coupling to heterologous orphan receptors using G 
protein sandwich chimeras in the Fu$l p-His3 assay and in the lacZ assay (pages 104-106). Results 
using the Fusl p-His3 assay are provided at Table 4, page 105, where Applicants show that the 
mammalian Bombesin receptor subtype 3 and the Bradykinin receptor 2 functionally coupled to the 
GoqCl-l l)-GPAl(6-467)-GQq(355-359) sandwich chimera. Resuhs of the lacZ assay are provided 
at Table 5, pages 105-106, where Applicants show that mammalian heterologous orphan receptors 
1 1, 15, and 16 also functionally coupled to the Gaq(l-1 l>GPAl(6-467)-Gctti(355-359) sandwich 
chimera. Contrary to the Examiner's assertion, Apphcants have provided a number of working 
examples showing that G protein-coupled receptor successfully coupled with GPAl sandwich 
chimeras. 

Using the methods described in Applicants specification and no more than routine 

experimentation, a skilled artisan could readily identify those yeast cells expressing sandwich 

chimeras that functionally couple to a heterologous GPCR. Such screening does not constitute 

undue experimentation because it could easily be accomplished using standard techniques for 

generating and screening recombinant yeast cells as described in Applicants* specification, for 

example, in Example 12. In analyzing what constitutes undue experimentation, the MPEP (§ 

2164.06) cites //I re Wands, (858 R2d 731, 8 USPQ2d 1400 (Fed Cm 1988)): 

The test is not merely quantitative^ since a considerable amount of 
experimentation is permissible^ if it is merely routine^ or if the 
specification in question provides a reasonable amount of guidance 
with respect to the direction in which the experimentation should 
proceed, (emphasis added) 

The present situation is, in all important aspects, indistinguishable fhjm the facts in Wands in which 
the Federal Circuit held that the applicant's claim was enabled, despite the necessity for screening, 
because the process of screening was straightforward. It follows that the present claims are also 
enabled, even if some screening would be necessary to identify yeast cells expressing Got subunits 
that functionally couple to a heterologous GPCR. 
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Moreover,the Examiner has acknowledged that the level of skill in the art is high. Thus, 
ba$ed on that high level of skill, coupled with the teachings and woiking examples of Applicants' 
specification, one skilled in the art can make and use the claimed invention without undue 
experimentation or burden. There is nothing unusual or difficult about making and screening a 
number of yeast cells, each carrying a heterologous GPCR and a chimeric G protem to identify 
those yeast cells in which functional coupling between the GPCR and the G protein has occurred. 
Given the working examples provided by Applicants and the admonition of the Federal Circuit in In 
re Wands that a considerable amount of routine experimentation is permissible and does not 
preclude enablement. Applicants submit that the scope of the claims is fully enabled by the 
specification. 

Accordingly, Applicants respectfully request reconsideration and withdrawal of the 
rejection. 

Claim Rejections - 35 US. C § 112, Second Paragraph 

Claims 1, 53, 54, 57, 59, 60, and 120-122 are rejected under 35 US-C. 1 12, second 
paragraph for alleged indefiniteness. Althouhg Applicants disagree with this assertion, Applicants 
have amended the claims in order to expedite prosecution. In particular, claims 1, 53, 54 and 59 
now recite a Gpal subunit having C and N terminal amino acids. 

The Examiner asserts that the phrase '*the signal transduction activity," which occurs at line 
15 and 16 of claims 1 and 53, respectively, lacks antecedent basis- Applicants respectfully disagree, 
and note that antecedent basis is found at Une 3 of each of the rejected claims. Accordingly, this 
basis for the indefiniteness rejection should also be withdrawn. 

The rejection of claims 57, 60> and 120-122 is overcome by the amendment of the 
independent claims from which they depend. 

Claim Rejections - 35 U.S. C § 102 
Claims 1, 59, 121, and 122 are rejected as allegedly anticipated by Pausch (WO 95/21925; 
hereinafter "Pausch"); and claims 1, 53, 59, and 120-122 are rejected as allegedly anticipated by 
Fowlkes (WO 94/23025; hereinafter "Fowlkes"). Apphcant$ respectfully disagree. 
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As an initial matter. Applicants note that the rejection of claim 1 as anticipated by Pausch 
and Fowlkes was originally made in the Office action mailed October 19, 2004 and was withdrawn 
in the Office action mailed July 8, 2005. 

In support of the anticipation rejection, the Examiner asserts that the claimed yeast cells and 
G protein subunits are purportedly within the scope of G protein subunits described in the prior art. 
Even if we accept arguendo that the claimed yeast cells and Q protein subunits are "within the 
scope" of chimeras described by the prior art, this is not sufficient to serve as an anticipation. It is 
well-known that a prior genus does not anticipate a later species. 

To support a rejection of a claim under § 102, a single prior art reference must describe all of 
the elements present in the rejected claim, Scripps Clinic & Research Foundation v. Genentech, 
Inc., 927 F.2d 1565, 18 U-S-P-Q,2d 1001, 18 U.S J.Q.2d 1896 (Fed. Cir. 1991), A comparison of 
the claimed invention with each of the cited references demonstrates that neither Fowlkes nor 
Pausch discloses a yeast cell comprising a Gpal subunit having a C-terminus linked to a 
heterologous C terminus of another G protein subunit and an N-terminus where at least 4 amino 
acids are replaced by four amino acids from a heterologous G protein subunit as recited in claim 1 . 
In addition, neither of the cited references describes a yeast cell or a Gpal subunit where the last 
four C'terminal amino acids are replaced with at least the last four C-terminal amino acids of a first 
heterologous G protein subunit, and in which at least the first five N-terminal amino acids of Gpal 
are replaced with at least the first five N-terminal amino acids of a secotid heterologous G protein 
subunit as recited in claims 53 and 59. 

Moreover, the Examiner acknowledges that Pausch fails to describe each and every 
limitation of Applicants* claimed invention. At page 20, lines 5-7, the Examiner states, 'Tausch et 
al do not specifically teach substituting the lower limit of C-terminal amino acids (e.g. four amino 
acids) of GPAl or substitution of the last five (5) C-terminal 'GP A I amino acids . . Because each 
and every limitation of the claims is not found in Pausch, the: anticipation rejection of claims 1, and 
claims 121 and 122, which depend j&om claim 1, the rejection is improper and should be withdrawn. 

Furthermore the Examiner states that Fowlkes describes chimeric G protein subunits where 
* '10, 20, or 40 of the yeast's C-terminal amino acids are substituted." This is not sufficient to 
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support an anticipation rejection over Fowlkes. Applicants* claims recite a Gpal subunit having a 
C-terminus linked to a heterologous C terminus of another G protein subunit and an N-terminus 
where at least four amino acids are replaced by four amino acids from a heterologous G protein 
subunit (claim 1); and a Gpal subunit where the last four C-teiminal amino acids are replaced with 
at least the last four C-terminal amino acids of a first heterologous G protein subunit, and in which 
at least the first five N-terminal amino acids of Gpal are replaced with at least the first five N- 
temiinal amino acids of a second heterologous G protein subunit (claims 53 and 59). Fowlkes fails 
to teach the recited subunits, and therefore cannot destroy the novelty of Applicants' claimed 
invention. Accordingly, the rejection of claims 1, 53, and 59, and claims 121 and 122, which 
depend fi-om claims 1 and 53, should be withdrawn. 

Claim Rejections - 35 U-S-C. § 103 
Claims 1, 53, 57, 59, 121 and 122 are rejected under35 U.S.C. 103(a) as obvious. In 
particular: 

(1) claims 1, 57, 59, 121, and 122 are rejected over Pausch and Conklin (Molec, Pharm, 
50: 885-890, 2004; hereinafter "Conklin"); 

(2) claims 1, 53, 57, 59 and 120-122 are fiulher rejected over Pausch, Conklin, and Fowlkes; 

(3) claims 1, 53, 57, 59 and 120-122 are further rejected over Fowlkes and Conklin; 

(4) claims 1, 53, 54, 57, 59, 60, and 120-122 are further rejected over Pausch, Conklin, and 
Fowlkes in view of Hamm (7. BioL Chem 273:669-672, 1998; hereinafter "Hamm"). Applicants 
respectfully disagree. 

Applicants note that the rejections of claims 1 and 57 as obvious over Pausch, Conklin, 
Fowlkes, and Brown were originally made in the Office action mailed October 19, 2004; were 
addressed in the Reply to Office action mailed April 19, 2004, and were withdrawn in the Office 
action mailed July 8, 2005. 

In the present action, the Examiner has withdrawn the rejection of claims 1, 53, 54, 57, 59, 
and 60 as obvious over Brown (WO 99/14344), Pausch, Conklin, and Fowlkes in view of Hamm. 
Applicants note that if claims 1, 53, 57, and 59, are non-obvious over the teachings provided by 
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these five references, it follows that they must be non-obvious over the teachings present within a 
subset of these references. For this reason alone» the obviousness rejection of claims 1, S3, 57, and 
59 over Pausch, Conklin, and Fowlkes in view of Hamm should be withdrawn. Nevertheless, the 
rejection over each reference is addressed in detail below. 

Pausch and Conklin 

Claims 1, 57, 59, 121, and 122 are rejected as obvious over Pausch and Conklin. Claim 1 is 
directed to yeast cells comprising heterologous amino acids at both the G and N tennini. Although 
the Examiner acknowledges that Pausch fails to describe thei replacement of amino acids at the C 
terminus as recited in Applicants' claims, the Examiner asserts that it would be obvious to 
determine the minimum number of amino acids that should be replaced in the amino terminus in 
view of the purported teaching by Pausch that such substitutions might be made. Applicants 
respectfully disagree and traverse the rejection. 

Neither Pausch nor Conklin teaches or suggests modifying the N-terminus portion of GPA-1 
to operably link at least the first five N-terminal amino acids: of a second heterologous G protein as 
recited in Applicants' claims. The Examiner acknowledges this at page 22, lines 7-10> where the 
Examiner states: 

Conklin et al., throughout the reference, teach mutations of the carbo3rvl-teriminal 
mutations of G-protcin ft subunit as discussed supra. 

Both Pausch ct al and Conklin et sd^ do not specifically teach replacement of amino acid 
residue at the N-terminu$ of the chimeric G protein subunit as recited in elm 53, and an 

endogenous yeast pheromone receptor protein is not produced in functional forni, as recited in elm 
120. (office action mailed August 24, 2007, page 22, hnes 7-10). 

In the absence of such a teaching or suggestion, the obviousness rejection of the claims over 
Pausch and Conklin should be withdrawn. 
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Fausch, Confclin, and Fowlkes 

Claims 1, 53, 57, 59, and 120-122 are rejected overPausch and Conklin in view of Fowlke$. 

As acknowledged by the Examiner, Pausch and Conklin fail'to teach or suggest any modification at 

the N-temiinus of a Gpal subunit, much less the specific modifications recited in Applicants' 

claims. The Examiner cites Fowlkes to remedy the deficiencies of Pausch and Conklin; however, 

this reliance is misplaced because the Office acknowledged that FowJkes, like Pausch and Conklin, 

does not teach or suggest a chimeric G proteins, where the N-terminus of Gpal is coupled to at least 

the first five N-terminal amino acids of a second heterologous G protein subunit as recited in claims. 

In the Office action mailed on July 9, 2005, the Office stated: 

The above reference teachtag(s) [Pausch, Fowlkes, Brown, and 
Conklin] of a chimeric Galpha protein snbunit differs from the 
presently claimed invention (e.g. claims 1, 53, 54, 57, 59, and 50) 
by failing to additionally modify the N-terminus portion of GPAl 
to operably link/substitute "at least the first five N-tenninal amino 
acids (e.g. the 1^^ 1 1 N-temiinal amino acids: ;see claims 54 and 60) 
of a 2"** heterologous G protein subunit. (page 6, line 19, to page 7, 
line 2), 

As acknowledged by the Office, none of the cited referencesiteaches or suggests linking five amino 
acids at the N-terminus of a heterologous G protein subunit to the N-terminus of GPAl as recited in 
rqected claims 1, 53, and 59, fi-om which the remaining claims depend. Accordingly this basis for 
the obviousness rejection should aJso be withdrawn. 

Pausch^ Conklin, Fowlkes, and Hamm 

Claims 1, 53, 54, 57, 59, 60, and 120-122 are rejected under 35 U.S.C, 103(a) over Pausch, 
Conklin, and Fowlkes, in view of Hamm, The Examiner asserts that Hamm teaches that the N- 
terminus of the alpha G-protein subunit also appears to be involved in promoting heterologous 
receptor contact or coupling. In particular, the Examiner asserts that Hamm proposes that 
modifications should be made in the C-terminal and N-teiminal regions of Ga subunits. The 
Examiner states: 
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[T]he Hamm reference provides a clear suggestion and euidance a5 
to how and where to modify the prior arti chimeric proteins to 
produce the claimed invention along with evidence suggesting the 
modification would be successful; and further enabling 
methodology (recombination; mutagenesis etc.) to achieve such 
modification is known in the art and further discussed in the 
primary references. 

Applicants respectfully disagree. The portion of Harimi cited by the Examiner does not 
suggest making any mutation in Ga or any other polypeptide'. The Examiner cites page 669 and 
Figures 1 and 2. Figure 1 of Hamm is a ribbon diagram showing that the Ga subunit disassociates 
from the other subunits following OTP binding. Figure 2 is a ribbon diagram showing 
heterotrimeric G protein interactions with rhodopsin and the (membrane lipid bilayer. Regarding 
Figure 2, Hamm states, "The receptor contacts on the heterotrimeric G protein discussed in the text 
are red and include amino acids 1 -23 and 299-350 of Goi" Hamm describes Ga amino acid residues 
that contact the rhodopsin receptor. This description of residues where contact between Goc and 
rhodopsin occurs fails to indicate that any mutations should be made at those residues, or if such 
mutations were made, that they would result in enhanced coupling. 

At page 669, Hamm provides a review of G protein structure and the mechanism of 
activation of G proteins by receptors. Although Hamm acknowledges that the N- terminal region of 
Ga is *'implicated" in receptor contact (page 669, right column, 4'*^ paragraph), Hamm states: 
On the Of subunit, the best characterized receptor contact r'egion is at the C terminus. The last 7 
amino acids of the a subunit are disordered in the heterotrimer crystal structures, and analysis of 
receptor-binding peptides selected from a combinatorial peptide library shows that these 7 residues 
are the most critical. Studies using chimeric Ga subunits confirm that in fact the last S residues 
contribute importantly to specificity of receptor G protein interaction. Elegant mutagenesis 
studies have shown that the C terminus of the third intracellular loop of receptors binds to this C- 

terminal region on Ga subunits. (p. 669, third paragraph. Emphasis added.) 

i 
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By emphasizing the importance of the C terminus in mediating receptor contact and 
specificity, Hamm and the other cited references not only direct the skilled artisan's attention 
towards the C terminus, they teach away from modif3ring the N terminus of the protein. In the 
absence of a suggestion that modified subxmits should be made^ and if made, that such suburdts 
would function successfijlly, the Examiner has failed to estabhsh a prima facie case of obviousness. 
Accordingly, the obviousness rejection is improper and shoiild be withdrawn. 

Request for Interview 
Apphcants are concerned about the length of the prosecution history of the instant 
^plication and the fact that they are now dealing with the thiird Examiner (Examiners B, Celsa and 
then P. Paimaluii were assigned to this application in the pasit). Therefore, if upon consideration of 
the amendments and remarks presented herein. Examiner Liii is inclined to issue a final office 
action. Applicants respectfully request Examiner Liu contact the undersigned to arrange a 
telephonic interview before issuing a final office action. \ 
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CONCLUSION I 

Tn view of the above remarks. Applicants believes the pending application is in condition 
for allowance. Accordingly, the Examiner is respectfully requested to pass this application to issue. 
Should any of the claims not be found to be allowable, Applicants respectfully request the Examiner 
to telephone Applicants* undersigned representative at the number below so that a telephonic 
interview maybe scheduled. Applicants thank the Examiner; in advance for this courtesy. 



Dated; February 26, 2007 



Respectfully submitted, 





Melissa Hijmter-Ensor, P\D. 
RegistratibnNo.: 55,289 
EDWARDS AlifGELL PALMER & DODGE LLP 
P.O. Box 55874 
Boston, Massacfhiusetts 02205 
(617)439-4444 

Attomeys/Agents For Applicant 
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Bhodopain, Photoreceptor of the 
Bod CeU 



AN EMERGING PATTERN FOR STRUCTURE AND 
FUNCTION^ 

H. Gobind ^ho-fGuia 

From the D€portment$ of Bioiagy and Chemistry, 
Afmsochusetts Institute of Technology, 



Tho iurat atepa into thA biochfimisciy of vidton were taken 
by Wald and associates (1), with contributions bom Morton 
and co-worke» <2). We owe to them the identiilcation of the 
chromophore, the natun of its ehamical Hnk^^ to the viaa^ 
t«cq>torB, the TecOip:ution of the light-cataljrzed isomerization 
of ll-tfiiS' to ali-frci7»?~retinal (vitamin A aldehyde), identifi- 
cation of the enmiing photointennedzataa, and accompanying 
dctivation of rhodopsin (1). The chromophoie of the vij^ual 
receptoxB, in the rods and conoe of vertebrate and invertebrate 
retinae, universaJHy ia ll-c»-retihal, occasionally dehydiore- 
tinal <%itaix»xn As)- am) the piimaiy light transduction step is 
ita ieomerization to all'trons-retinaL Bhodopa^ has received 
the most attention in atudies of its chemistfy, biochemiatiy, 
and its physiological propetrtiea. Indeed^ rhodopain is the best 
Htudied of the visual recepto» and the superfamily of recep- 
tora coupled to GTP-bindin^ pzoteina (43, 44). A number of 
^ reviews on rhodopain and vimon in general have appeared 
^ I with diffaient emphaeeB (3-10). In tfaia article, chemical and 
^ functional aspects of rhodopsin are reviewed first; boweveri 
the main motivation is to highlight certaiti structure-function 
relationships that ore becomifi^ evident within the three 
Btniotaral domains^ the intradiacal, the membrane-embedded 
X I aeven helical, and the cytoplasmic (Fig, I). 
^ * Until recently, the visual photoreoeptoze were the only 
syBtems known to contain the retinal chtomcphore. However, 
a Becond sat of retixial-baaed li^t-tranaducins proteins hft^ 
been found in certain archaebacteria, such w Halobacterktm 
hahbium. These include bacteriorhodopBin, a proton pump 
(11), halorhodopein (12), « chloride pump, and two pbototaxia 
receptors (13}> In these four bacterial profceing, ii^t catalyzes 
all-^niDS- to 13-cz5-Tetinal iaomerl^ation, and thus, in this 
group as in all the visual leceptois, nature couples apecific 
geometiical ieomerizatlona in the vitamin A polyene eyetem 
to cycles of confo^ational changes in the proteina. 

Chemical Aspects of Rhodopsin Structure 

Opsin ^nea from a number of sourcaa have been sequenced; 
the example chosen here is that of bovine opsin. It contains 
a single polypeptidft chain of 848 ax^inO acids whose sequence 
ia known both from protein and DNA seqaencing (14-16). 
One plaaaible secondary structure model for rhodopain is 
shown in Fig. 1. Hie membrane-water boundaries of tlie seven 
membrane-flpaixiung helices are somewhat arbitrary at pres- 

* *Th» \tOik in my laboratoiy has bean supp^ited by grants GM 
2a289 and AX 11479 from the National Institutes of HbbIUi and from 
the 0£6cc of Naval B«aeaich, Department of the Navy N0OOX'4-S2- 

K-oias. 



ent. The membrane domain accounts for about 60% of the 
total pTotaiu while the other half is distributed about equally 
between the c]^p]aflmic and the intradiacal domains. 11-ciff- 
Retinal is linked aa a protonated Schiff base to the <-amino 
group of Lys-29e in helix G (Fig. I). The Schiff base, which 
is protonated in the ground state,, is stabilized by a counterion 
which has bee A shown to be the c^bo^Zata group of Glu-ll3 
(17-20). The prOifound infhience of this group On the proper- 
ties of rhodopsin has been clearly establiahed (17» 19). The 
interaction between 61u-lld and the SchifiF base at Lys-296 
(Fig. 1) requites that the seven helices in rhodopsin fold to 
bring helix C arid helix G in apposition. (In bacteriorbodopsin. 
the ptotonated Schiff base at LyB-216 (helix G) and Asp-BS, 
the probable oounterion (helix C), are within 4^5 A of each 
other.) The retinal-binding pocicat in the membrane-em- 
bedded helieall domain of rhodopsin must contain a largs 
number of amino acldsp perhaps about 20, that interact with 
retinal. From miztagenesia (21) and phctoaffinity cross-link- 
ing data (22), seven amino acids have been concluded to be 
proximal to retinal. These aie: Phe-II5, Ala-117, Glu-122, 
Tip-126, Ser-li27. Trp-265, and Tyr-26a. Four of these are 
included in Fig. 1. Knowledge of the amino acids interacting 
with retinal is I important to the luoblem of how the signal 
from retinal isWeri^tion is transmitted to the cytoplasmic 
domain. 

There are lojcy^ines in rhodopsin; however, there is only 
one disulfide bond, between Cys-llO and Cya-lS? (I^- 1) 
(23). CyB-322 ajnd (5ya-a23 carry pahnitoyl groups (24) which 
are probably anchored in the membrane (Fig. 1). CyB-140 and 
PyB-316 are reactive with aul(bydiyl reagents in the dark and 
are prabably ekposed to the cytoplasmic surfece (25). The 
rsactiviUeB of Cy8-I67, CyB-222, and Cys-264, which are pre- 
sumably embetMed in the mambrane, depend on the reagents 
and conditions used (26), 

BiochethictU Aspects of Sensory Functions 

Signal Amplication via Trtsnsducin (Gr)^ end cGMP-Phos- 
phodUstertue Ox$6Mi e — The visual System has evolved to be 
extremely sensitive to light, such that a single photon is 
^ufScient to excite the rod cell, The chemical and biochemical 
events chat adJieve the enormous amplification of the light 
signal are as follows. Afasorpdon of a photon leads to the 
i^mezization cjf the C-ll, C-12 cis-double bond in fri^tina! 
(Fig, 2) (1), Thik cvant initiateg the formation of a number of 
photointermadi^Ltas frava. rhodopraxi with apectral character- 
istics and reactibn constants shown in Fig. 3. Meta II rhodop- 
ain (^f^) whiclJ contains an unprotonated Schiff base of all- 
^funs-retinsl is {the key intermediate (27) in amplification 
according to thA cascade shown in Fig. 4 (3, 9, 27). Thos Mil 
reacts t«th Gt-GiDP (step 7) to form a complex that exchanges 
GDP for GTP (step 2). Ths resulting complex collapses to 
Gt(a)-GTP and[Gt(^>, and Mil (R») is ftee to take another 
Gt-GDP moleciile through GDP-GTP exchange (step 4), R* 
may activate hijndreds of Gi-GDP molecules during ita life- 
time. In step 5j Gt(a)GTP activates an otherwise inactivg 
cGMP-phospho<^iesterase by removing the inhibitory v 9ub- 
unit, and the I^'tter hydrolyzes cGMP to S'-GMP (step 6). 

* The abbreviatjpxw used are; CK* tranaducln; MH, msta. II rhodop- 
sin; GTP-bmdmg proteuiB, G-coupled rtC^ptOTB. 
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Mut03\tA with amino add deletiana and substitutions in tffe intradixal donuiin 
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they be inyolved in electrostatic interactiona with G^? Tbi^ 
had beeiQ tested by a vaziety of aizi^e and xnalt^}le amifio actd 
subfltitutioiiA, fior example E239Q, K245l^ K245L/K248L, 
and £247Q/K248L/F349Q. The mutationB often showed dig- 
mfieant but not critical effects on Gk aeUvatioiD. Thus, there 
appear to bo no critical electrostatic interactiona between the 
loop EF and In contf A«t, the charge pair, E134/R135 (bdlix 
C), which IB conserved in all the G-cmipJed receptoi^» la cl«arly 
requizod for binding of Gt to meta U ihodopsin- Thus, reverBcd 
of the charge pair aboliahed U bindni^ and, in cfettf^al, 
Bubstitutkms of the charged amino acids by neutral amino 
actda saiioualy affected G\ activation (34). 

Of the deletiopa in loop CD (Kg, l), C-l, a deletion of 8 
amino acida, allowed binding of ll-c»-retinal, but did not 
activate tranadudn. The deletion C-2 fiailed to bind retinaL 
However, on replacement of tho 19 deleted amino acide In C- 
2 with an unrelated sequence of the same ienfth (N-teiminal 
tesiduas 2-14 in rfaodopain^ Fig. 1), the mutant bound retinal 
and Gt but cHd not activate the latter. 

Of the five deletion mutations in loop BF (Fig. 1), C-4 
containing a foui^amino acid deletion ahowed about 50% of 
the normal activation of Gt while none of the other mutationa 
(0-3, C-5 to C-7) showed any activity. The resolta suggest 
that the C-3 part of the EF Loop, closer to the C terminus, ia 
more important for interaction with tranBducin than is the 
xe^n. The xmitaKt C-6 bound Gt but showed no GTPase 
activity (Franko et aL, unpuhlished work). Thue the most 
significant conclusions fh)m mutageneais regarding M7I-Gi 
interaction are: 1) most of the deletion mutanta, except those 
that may not allow proper packing of the helices, bind ll-ci^- 
retinal; 2) the Mil intermediatoa formed from theae mutants 
may bind Gt, but they may not allow Gi activation (34); and 
3) CD and EF loops are both required for interaction bet«roen 
Mil and C 

Deletion Mutagenesis Indicates a StructwxU Rok for Intm- 
diAeeJDomain — Single deletions carried out in the N^terminal 
tail and in loope BC^ DE, and FG (Fig. 1) showsd three groups 
of phenotypes (Table I) (36), Phenotype I resembled wild type 
rhodopsin, and it was restricted to deletionB and amino acid 
sub&tftotionfl in the non-consefved part of the loop DE, prox- 
imal to helix E (7, 10). FhenolTpB II (Table I, Fig. 1) did not 
regenerate rhodop^in-Uke cbromophore, and the glycoaylation 
pattern was markedly different. Phenotype III was observed 
mainly with the deletion mutanta in the N-terminal taU 
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mutants regenerated the rhodopsin chro- 
, and their ^ycosylation pattern was 
tho^ of types I and IL When expressed in 
majority of the mutants (types II and III) 
remained in endi^aemic reticulum wheroas 
(jppein waa in the plasma membrane (35). Thia 
because the mutant proteins are structurally 
£act that rhodopsin mutants, types II end m, 
sirigle relativeb'' ahort deletion in' any one of 
DE, or PG, or the N-termina3 tail (Table I) 
intradiscal peptide aegmenta cooperatively 
Structure on th« intradiscol face and that thia 
the disulfide bond between Cys*llO 
L Previously, these two cyeteinea were ebown 
for the fonnation of functional rhodopsin (36). 
z mutants presumably cannot form the tertiary 
therefor^j the disulfide bond. Gna muta^on 
may reault in the lack of the disulTide bond 
color vision pigment baa been shown to cause 
md ^eeen sensitivity (37). 

h Mulationa in Retinitis Pigmentosa — 
has been a surge of information on mutationa 
retinitia pigmentosa patients. More thati 30 
ilntradiscol, helical, and cytoplaBmIc domains 
!, and thid number is likely to grow. The 
mostly single amino acid aubetitutiona (3B- 
flubstltutiona by charged amino acids» e^. 
E181K, GiaSR, P53R, T56R. V37D. GSSD, 
The latter substitudons, eepedally those 
ii^AartiOD of charged groups^ are likely to be 
Examples Of such mutations are known 
^utageneaia. For example, in rhodopsin the 
(17) and H211R (22) are defective in folding, 
the mutant Dd5H doas not undergo 
pH vaHiefli when His is protonoted.^ 
pigmentosa mutations lend themflelvea to 
developed fbr mutageneaisi expression, 
re regeneration (42), and aome have been 
-X cells* and in 293S caUa (39). Like the 
(Fig. 1), the proteins from these mutants 
tha plasma mambrane^ and thus they have 
Methods need to be developed to study 
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thfise defects. Ib the retinal bindmg pocket formed? Is the 
Cya-lLO/CyB-187 disulfide bottd ft)rm©d? How are the struc- 
hiz«9 0^ tUa cytoplasmic and other domains affected? The 
retiTiitia pigmentosa mutations seam to open a highly prom- 
ising new door for studies of rhodopsin structure and function^ 
and by analogy, other aeven-trAnsmembranfi helical receptors. 

Present Status and Work Ahead 

While the qu«9tiona of rhodopein Btruetui« and function 
are far isom being answered^ there have bean important clues 
that provide a framework for fUrthei investtgation. Mutations^ 
aita-cfirscted axid natural (retinitis pigmentosa), Btrongly sup* 
port the notion that the cytoplasmic, transmfimbrane, and tho 
intradiacal domains each have specific tertiary structures. We 
asdume that the assembly of the molecula begins with the 
entry of the naacent rhodopsm polypeptide chain into the 
endoplawnic lumin. Following high mannoee glycosylation, 
the molecule folds, and this includes the formation and inser- 
tion of the seven helices into the membrane although their 
insertion is not fitmcturally eoordinatei^ We further postu- 
late that in the next step, an intmdiscal tertiaiy structure 
that includes a disulfide bond between C-llO and C'187 is 
formed This structuie leads to the ali^fgunetit of the even 
helioee (43) in the membrane and establishment of maziznal 
helix-belix interactions. This results in the formation of the 
retinal binding pocket* and> concomitantly, iti the f6rmatiOD 
of a specific tertiary structure for the cytoplasmic domain. 
The latter would represent the structure for the "dark** state 
for rhodopsin that would involve all the loops (AB, CD, BF) 
as well as the C-tarminal tail. Thus, the overall atructuie 
embodies the intradiscal domain with a unique gtructural 
function, the membrane-embedded helical structure with the 
critical fimction of Ix^t signal transmission to the cyto- 
plasmic face and ths cytoplasmic fioce that reoelves the eignal 
and carnea out all the biochemiatry. 

In addition to the host of structural questions that need to 
be answered, the most prominent unknown U the mechanism 
of the chemical transmUeion of the algnal following ll-cis- to 
all-trwi^-retinal isomerization to the cytoplasmic face. All the 
seven helices in the membrane must interact with retinal 
during the czis trans isomerizatioTL It ie clear that ae a 
coneequence of the tertiaiy structure comprising the intra- 
discal doznain, the perturbation following cia — trans iaom- 
erization will be transmitted specifically to the cytoplasmic 
fftCfi. What is the chemical nature of the tranatniasion by the 
helicea? Will the helloed rotate, move lateral^, or move up 
and down? Understanding the mechanism of the coupling 
between retinal and the protein and the accompanying atnic- 
tural changes in the protein is clearly at the heart of the 
vieual transduction problsm. 

It ia reasonable to e34)ect that the structure-fimction pat- 
tern presented above for rhodopsin will apply to all the visual 
pigments as well as to a m^ority of the 6-coupled receptors. 
The conserved sequences in different regions of the lecieptors 
(7p 10, 44, 45) support this conclusion. Further, like rhodopein, 
7-helix receptors should have (£sulfida bonds in ftmctionally 

* This u eugg&ated by the &ct that tha defective intradiacal mutanta 
that rtajred in eodpptesizuc reticulum did not bind 11 •ct»-r«tidaL The 
seven helical aeffmsnts were thud not aliped. Wo believe that ths 
ilift>niiAti«2k fbr th« slignmftnt of th6 helicea doea not came from the 
ijuertidD of the helicea into the mezDhrane but from the fisrmatioii of 
the tertiaiy atnicttiie including the disolfuifr bond (ef. Ref. 43). 
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coupled receptoi 
matching pleo^j 
fbnn disulfide 



t^K,iAo, VifiUfll pigments and most of the G* 
cira (44, 45), ui fact, have cysteine Tesidues in 
39 (helix C and loop DE) that can potentiaUy 
t>onds like the C-llO/C-187 bond in rhodopsin^ 
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Adenosine Receptors 
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The physiological consequences of adoDoeiine and adenine 
nucleotidea hava been reoogni^ for more than 60 ywire (1, 
2). What nwkee thfi$e aubetancea imumial is that they may 
produce their effocts both by intracelluiar and extiacenular 
mechaniams (3). Both AdenoBme and adenina nucleotide aiQ 
found in all living c«Ub aa part of the nomaal metabolic 
machinery that nms the celb> and their conccntFations are 
dynamically regulated by a variety of parhophyBiologieal eon- 
ditioca (2, 3). In additioni under aiipropriate conditions theae 
compounds can be raleased from cella where they can interact 
with ^lecific cell eoirface receptors to modulate oelhilar fimc' 
tion in an autocrine or paracrine manner (3. 4). Tha £bcua of 
this review U on adenosine and adeDoaine receptora, and the 
readera ore referred to recent reviewa for information on 
adenine nucleotides and their reeeptoia (5, 6). Adenoaine is 
produced intracellularly via two distinct metabolic pathways, 
both of which involve hydrolases (3). The first involves the 
hydroly^ of AMP to adenosine by 5 '-nucleotidase and the 
second the catabolism of ^-adenoBylhomocysteine (3). Under 
conditions of Btresa, such aa hypoxia, when the cellular energy 
state is depteaaed, intracellular adenosine levels acutely in- 
creaae and adenosine is released from the cell (S). This 
leased adenosine can then act on adenoaine receptors aa a 
local metaboh'c regulator or as Kewby has termed it, a '^tal- 
iatofy metabolite" (7). Activation of the receptor then altera 
the activity of a second maaaanger aystem in an attempt to 
bring the tissue or cell back into a normal equilibrium or to 
protect it from overa(;tivation. The short half-Ufe of adanoQine 
in the cizculatiDn makes it highly unlikely that adenoeule acta 
as a dzculating hormone <3)« Adenoaine once released from 
the cell has several pathwaya fay which it can be eliminated. 
First, It can be transported back into the call by a specific 
nucleoside transporter which has been characterized as a 60- 
kDa protein (6). Adenosine can also cross the cell membrane 
by uR^le diffusion. Finally, adenoaine can be daaminated to 
the t«ceptor*inactive inoaine by adenosine deaminase (3). 

Adenofiine once released can activate adenosine leceptora 
which in turn regulate a diverse aet of phyalolo^cal funcUons. 
These include cardiac rate and contractility^ smooth muscle 
tone, sedation, release of neurotransmitterSj platelet function. 
Upolyais, renal iUnction, and white blood cell fhnction (3, 9). 
ThlJQ? almost all organ systems of an animal ar« regulated by 
the local release of adenoaina (0). A major question in aden- 
oaine research ia how adenoaine produces the&e diverse phys- 
iological effects and what second messenger syatems are re- 
sponsible. To begin to understand these complex physiologxcal 
responses it is necessary to probe the recsptora and aignaling; 

t Supported in part by National Reart, Lung, and Blood Institute 
Grant ROl-Hl^l34, Grant-in-aid 910062OO from the Ajnariean 
Heart Afisodatioq, and Sp«f;iaHzed Center of Besearch Giant 
P60HL17670. 
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apparatus invr^lved in traneducing the signal across the cell 
membrane. 
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Receptor Subtypes 



rs were or(^naUy clasaified by Bumetock (jlO) 
pjurinergic receptors depending On their prefe> 
or adenine nucleotides. The relative poten- 
are adenosine > AMP £ ASP & ATP, while 
'2 sites are ATP ^ ADP ^ AMP 2= adenoaine. 
can also be dlstinguiahed by inaaxiMtivtty 
anta^nism by methylxanthinea wtuch are 
antagjonists at Pi sites. The adenosine-eensitive Pi 
receptora, which have now bean further 
A I and Aj aubbypea on the basis of their 
eel|Bctivify for adenosine analogs {II}. The po- 
Ai adenosine receptors (AiAR)* is iJ-phenyl- 
iffffnn(qine (iZ-PIA) > d'-N^ethyl'carbozamida aden- 
while the AzAR potency seriea ia d'-A'-ethyl- 
adenoeine > i2-PIA > 5-PIA (11). Recently a 
-selective antagoniata have been developed 
in characterizing and differentiating AjAR 
12), 

divie ion of AiARa and AjARa into Bubclaesefl haa 
l>aaed On a variety of pharznacological criteriar 
ttiese are not universally accepted, the recent 
adenosine receptor (see below) will likely lead 
of subclaaaes in the near future (13). 



JReceptor Structure 



haa been atudied at three separate levels. 
I >een covalent^^ labeled using ^^I -labeled a^ 
affinity and afiinity probes in a wide 
(14-16). This appiDBch demonstrates that 
aa a Mr 36,000 protein On sodium dodecyl 
gel electrophoteais (14-16). The la- 
(|iQplays ai] of the pharmacologic properties 
AiAR. Proteinase sensitivity studies Buggast 
ben binding to the AjAR induced a unique 
change in the receptor compared with anta^- 
s finding supporte the notion that it ia the 
a^Tiista to promoce a tranamembrane signal 
i[e<^ptor*s conformation, thus permxtting it to 
multiple G proteins. This activation 
of the appropriate effector oystem. In 
nieta simply occiqjy the receptor and do not 
conformational change to activate G pro- 



ddivate 



f^OOO-fold) of the AiAR to apparent bomo- 
a seriea of chromatographic steps has now 
~ by a number of groups (18-20). The puri- 
or mi^atea as a Mt 36,000 protein and retains 
The single purified 
ftinctional receptor in that it can bind 
api^ropriata pharmacology and functionally ac- 
(20). Further studies havd documented that 
that contain a single complex type 



fcppropxiaia binding characteristics. 1 



glycoproteins ' 



._ uaed ara AH, edenoaine receptor(6); PIA, 
loaine; 0|, inhibitory guanine nucleotide binding 
protfiin(a); G„ stiiqaiatory ^ru^nine nuclootide binding protein (a). 
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carbohydrate chain (15» 19). The fimctional role of the glycan 
component of the receptor rsmaina enigmatic. 

Recently^ a number of AiARfi have been cloned, sequenced^ 
end expreeaed (21-24). These mclude the AiARd from dog 
thjToId, rat brain, and the bovine brain. All have been cloned 
from cDNA lUmiries (21-24). These receptors are small (Mr 

36,500) compared with some G proteiD-co^pled receptors 
but fit well into the seven'tranamembrane domain ^tanning 
motif (21), Althqti^ the Aj^ARs from dog end rat ahare aimilar 
pharmacologicai pcopertiee, the AiAR from bovine brain haa 
a miit^e pharmacologlcai proliJe and dlfltiACt affinitiea for 
agoniets and entagonista (id, 24). Tha bovine hrain AiAR is, 
therefore, likely a aubdasB of the family of A|ARa. Shown in 
Fig. 1 la a model of the AiAlC The AiAH has several unnsual 
properties compared with other G protain-coupled receptor 
inchiding: 1) one or two coneeneos gitycoeylation aitea on the 
second eztiacelhilar loop rather than site(a) on the amino 
tarminna; 2) a very ebott third intracellular loop (34 amino 
adds) compared with other receptors that inhibit adenylate 
cyclase, which typicaUy have 140-180 amino ackla in the third 
intracellular loop; 3) a relatively low molecular wei^t of 
36.500 with 336 amino acida; 4) a potential site for fatty 
acylation on the carboxyl tail; and 5) very few consensus 
aequenoes for phoBphoiylstion (24). Tbie latter Gndijig may 
have direct functional oonsetpiences since it has recently been 
appreciated that inhibitory receptors desensitize much, more 
elowly than stimulatory receptors (see below). All three of the 
cloned AiAK have been expressed in a variety of cella and 
shown to inhibit adenylate cyclase (21-24). 

The AgAR from dog thyroid has also been cloned and 
expressed (22, 25). The AiAB and AeAH have many structural 
eimilaiitieo and ahare e 51% identity at the amino acid level 
within tha tranamembrane domains (22). As predicted from 
photoafGnity labeling eyperiments, the A^AR ia of greater 
mass (44,971) than the AiAS. (26, 27). Tho AsAR hae a greater 
number of potential phosphorylation sites than th« A, AH and 
is regulated much more rapidly than an AiAR (26). The A3AR 



also has its gl^osylatio: 
(22). In contrast 
cytoplasmic loiyp 
tain a site for 



in aite in the second extracellular loop 
to the AiAR it has a fair^ normal sized third 
for stimulatory receptor^ and doee not con- 
fatty acid acylation (22). 



. Receptore Effector Coupling 



Originally, 
etimxdate 
thought to 
AiARs are 
systemB (3, 
studied e£Fbcto|r 
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tive Gi protairu 
cardiac tissue, 
iological effectf 
Alterations in 
cAMP(30). 
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lAR and A^AR were known to inhibit and 
adesylylcyclBse, respectively (11). AzARs are still 
couple unifocally to adenylyleydase. In contrast, 
known to cotqile to a variety of effector 
2G)) (see Table I). The most comprehenaively 
% of course, adenytylcyclase* but it is well 
L th|at AiAR acting throu^ peirtuflsia toxin-aensi- 
can open K'*' chaimels (ootward recti^ing) in 
Max^ of the adenosine-medlated eled^hye- 
used fox therapeutic benefit appear related to 
conductance rather then alterations in 



Fig. 1. Shown Id the amino acid 
(iuk) aequonee of the Ai AR In a for- 
mat which portrays the raceptor 
with a sevea-tranixmemhraiiB do- 
main moMut, This 19 the general mo<tel 
for «1I 0 proteiiKoupled mflptuis. The 
BijuDO tBiminua ib extrHCBlhilBr. Ths 
cxmoensuB aequencM for 0tycoflylatlon 
are on the oeoond eoctracelhilar loop. A 
ftiAglo Uirbohydrate chftm ie shawn^ and 
ths Other poteatiai aite is marked by the 
Q9tenaK The potential gite for fatty acid 
aiylatkin ia a hows by the zigzag tine on 
the carbooyl tail. PatentifJ utes for 
photpbozylatloD by protein Jdxtase A 
iPKA) awd protein klna»e C {PKO arc 
ebown. 
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to modulate phospholipose G activity, but 
remain entgimatic (3). In soma systems 
appears to be indirect in that it only mod- 
hofipese C activity after another agonist, vxh as 
activated the enzyme (3). In addition, AiAR 
yspan the studied, either inhibit or 

phosy^hoinositol turnover in brain ilices <3). Much 
needls to bo performed befbre any true \mder- 
role of adenosine receptors in regulating 
can bo stated concluaively. 
abundance of information on the ability of 
Ca^ channel opening in neurons (3). One 
lor Ithie inhibition la likely relatted to hypeipolar- 
i^mbrane following increasea in K** randnct- 
distinct mechanism for inhibiting the Ca^^ 
is the activation of a G protein which can 
(3). No precise mechanism 

at pi^eent koowjs. 

suggested that A) AR could activate guanyl- 



direcUy inhibit ^he channel protein ( 
for this action 
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Table 1 

Advnonne rec€ptor~*G prottin effector coupling 
tCiM, the recomMimnt form of the a subunit of iht iahibitory 0 
protein type 3; PLC, pKiiBph^p>BSB C; PLA>, phoBphoUpaae As- 
Receptor G protein mtCTACtiozi EffiectoT 



AiAR 



zO^ and rO^ coupling 



AdetiylylcydAse I 
K* channe] f 
Cft**^ channel i 
PLCU 
PLA^i 

Glucose tranflporter f 
Adanylyteydfl^ \ 



Meoeptor Regulation 

Rd^lfttk>n of ti&nameinbiane aigneling a^yatemd permits a 
cbQ to protect iteelf from either over- or underactivation of 
ao efTector dystem. The most commonly studied regulatory 
process for G protein-coupled receptors has been agonist- 
inducad dfloen^iitisation (29^ 32). Although much ia currently 
known coticetD^nf desensitization of receptors ibat stimulate 
adenylykyClBBe^ much leas l& Imown About Inhibitozy recep- 
tors or receptorSp which coi^le to ef^i^ctor Byetems other than 
adenylylpyclase such as K**" chamxela. 

A general theme that haa devel<^ed is that peiBiatent ago- 
nist activation leada to an uncoupling of a receptor finom its 
efitector system. I7\i8 uncoupling likely invohres multiple dif- 
ferent mechanisms which can occur singly or in cotabinat^on, 
Theae include aherations in the quantity of the receptor by 
down-regulation or sequestration^ regulation of receptor tran- 
aCTiption an<Vor tranalation rates, alteration in the quantity 
of the G protein themselves, and covalent ntodification of the 
receptor such as by phosphorylation (29, 32). Phosphorylation 
like^ uncouples the peceptor from ite G protein. Which of 
these mechaniamfi la utilized depends on the cell type studied, 
the concentration of agonist present^ and the duration of 
agoniat exposure. 

It ia x>ow clear that desenaitisation of the inhibitoiy AiAK 
proceeds at a elow rate compared wftb stixDuIatoiy rec^itors 
in that tbe process takes houra to d^ys rutlier than minutes 
to houra* Tbia has been found in both in vioo models es well 
as in cell culture models (28, 33, 34). 

An in vivQ rat adipocyte modal in which R-PJA wae inAised 
for periods up to 6 days waa firet described (33, 34). Adipocytes 
have both AiAR and prostaglandin £i receptors that inhibit 
adenylylcyclase. After R-FIA treatment, the ability of both 
A-PIA and prostaglandin &i to inhibit adenylylcyclase' is 



demoi Btrated i 



ate cyclase in smooth muscle cells (SI). No subsequent studies 
have eppeared, making further aneiyeie of thie putative recep- 
tor-efteetor coupling difficult. A variety of other effector sys- 
tems havQ been reported to be coupled to A^AR, and theae 
include pbOsphoUp^se A«, the glucose treofipcrter, a low Km 
phoBphodissterase, Cl~ tran6pok^> azid ^a'*'/Ca^ excban^ (3). 

A major qfuestion for all receptors that couple to G proteins 
is how aelectiv«{y does a specific receptor couple to the G 
proteins in a membrane. This question is now being addressed 
using purified components. Veiy recent reconstitution studies 
using purified AiAR and recombinant G protein <i eubunits 
have demonstrated that the A^AB couplee with highest affin- 
ity to at) with ai3 and an having ^lO^fold lower affinity. 
Recombinant also functionally couples to A|AR ivhile a» 
and do not (20). Which of these a subunits functionally 
interacts with the AjAK In a specific cell and then couples to 
an effector system rexnains speculative. What is clear is that 
the AiAR can couple to a variety of G proteins and effector 
eyi9tema, and where the selectivity and specificity ra$ida needa 
to be detennined. 
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^0%. This process took 4^ days to occur, 
waa found that stimulatory agents such as 
( stcting via j^-adrenergic receptors), sodium llu- 
G,), and forskoUn (acting via the catalytic 
an enhanced ability to generate cAMP 
the enhanced production of cAMP oc- 
long before desensitization of AiAR became 
is of the transmembrane eigiiAlIng sppAmtu^ 
Dibrane revealed that ^-adrenergic receptors 
while AiARa were down- regulated and par- 
ftom G| (33, 34). Quantitation of the G 
chat by 2 days of treatment, G, was sigDifi- 
(-^96) while Gi was not ahered. By day 4, 
by "-80% with only a small decrease in Gi. 
^irther increase in G. at day 6j but G\ proteins 
d Oil) were decreased by 60%. These changes 
any concomitant changes in the mHNAs for 
. These data suggest that rogutntion of the G 
>ccur at the protein stability level Several 
were gtaaned from this in vivo modeL Pbst. 
ttem of desensitization occura; second, mul^ 
of the system are regulated over a long 
(6 days); third, a sensitization to stimulatory 
apparent: and, finally, there is temporal 
een the effects on the stimulatory versus the 
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in DDT^ MF-2 smooth muscle cells docu- 
AH-adenylyl^cloae system can be desensi- 
ovar a 24-h period with a txn of -^10 h. In 
in iwo model* this deeenaititfltion process 
a decrease in AiAR number, an Intemali- 
AR, and an uncoupling of AiAR from G^, but 
tbe quantity of the G proteiiks or a sensiti- 
agents occur (23). In addition, we have 
that the desensitization of AiAR is 
phosphorylation of AiAR (56). Prom cloning 
own that there are consensus sequences for 
A, protein kinase Ci and the ^-adrenergic 
However, it is Currently unknown which 
for the phoaphoiylation or if phoaphoryl- 
functioD. 

'2 oeU line elfio conteins the AftAR (28). 
that the A] AR and the AsAR share the same 
and are coezpressed in the same cell, it 
anism(B) by which they desensitize ere quite 
synthetic selective agonists it is possible to 
receptor subtype without effecting the other. 

AaAR is homologous and occurs rapidly 
complete desensitization wHhin -1 h (28). 

is not associated with down-regulation 
entegoniet radioKgand selective for A&AR 
;. Information on the desensitization 
low begiruiing to appear, 
single cell type contains both Ai- and A^R 
dilemma in cell biology. It is unclear 
which have opposing efiCects on adenylyl* 
in the oame ceUL This coezpreesion is 
cuHured cells but has also been reported 
Whether one of these receptors oonplea to 
eifiactor ^tem which biochemically 
changes in cAMF remains unknown. In 
mechanism responsible for tissue-specific 
receptor mibi^pe ia unknown, 
m of antagonist-induced sensitization has 
attention. Chronic administration of AR sn^ 
caffeine or theophylline followed by abrupt 
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withdrawal, h&a bfion asfiociatfid with a confitellation of £ymp- 
tomfl known aa the "caffeine withdrawal eyndrorae'* (36), 
Multiple laboratoiies have novf documented that chronic an- 
tagonist fldniinistiation La associated with an incxeeBe in AiAR 
number, an enhanced coupling of A^AR with Gu and an 
incraBBed quantife^ of ai- These changes axe associated with 
an enhanced ability of i?-PIA to inhibit adeoylylcyclafifl (36, 
37), b> addition, it had been documented that the number of 
^-adrenergic receptors is decreased foUowIng ca^elne treat- 
ment (38). AH of thefio modifications would tend to promote 
a euppteasion of cAMP in the brain. The sudden fall in cAMP 
following abrupt withdrawal of the methylzanthines may 
provide a molecular mecKaiufim i^^on^ble fox tha Cfiffeioe 
withdrawal syndrome and the sensitizatiDn to the physiolog- 
ical effect of adenoaine. Regulation of adenosine receptors is 
also known to occur with alterations in thyroid honmme and 
glucocorticoid levels (39, 40). 

JSummary 

With the recent puiifieatioi) and cloning of the AiAR and 
the cloning of the AaAR in association with the development 
of selective radioligands, we are now poised to begin to un- 
derstand at the most flindamental leval the structure, func- 
tion» and regulation of adenosine receptoxa. AlthcKi^h adeno- 
sine's pbyaiologica] «)Kects have been appreciated fOr mOre 
than 60 years, we are only now lea^y ^ address questiona at 
the biochemical and molecular biological levela. We are likely 
to be^ to see evidence for a whole group of adenosine 
receptors undetected by pcevious technology. One era of aden- 
osine i^eptor research has just ended, and we now enter the 
n«w with anxious anticipation. 
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ABffntACT AeetykhMM slgiuia tliroi^ two t^pes of 
mirclxtrd membrmnc receptaro referred to mcodtdc 
(AACbR) and nn i H f arlni r (mAGhR) ncctjidiolmc recep- 
tors. Nicotinic ^celylciiolme receptoiv were the Gtst 
neurotra oamlttcr reeeptor s to be purified^ doned* and 
sequenced, and much is known about these prOteklft. In 
ooAtmst, tmtil 5 yean ago reUdvely little was known 
■bout the muscuinic receptois. Since dien thei« has 
been an explosion of infomution copcen aiag the stnte- 
ture^ slgDattiig^ and leguhitlon of what is now fanown to 
be a fkmOy of mnsarinic receptois. THmB review dbcttt- 
Ms die five xdentifled menbers of the mAChR family 
and dkeir cotipliikg to die tmiltiple G fmcehu thai aHow 
mA.C3iRs to modulate man7 different types of signal 
transduction pathways. The five membeiv of this family 
that have bem ideniified so far have atziking homology 
in dtelr Kytf^^rph i^l^pc membrane domains but posess dis- 
ttacc cytoplasmic domains between the fifth and atxifa 
■ii^mligjiift^mimg FCglOnSL These cytoplasmic domains 
appf^ar to f^w**^^ important determinants for recep- 
tor/G protein interaction and are Hkefy to contain phos- 
phorylation ritea that nsgnlkte these interactkms. mAChR 
agonists have been shown to induce phosphorylation of 
mAOiR in Intact cells» and the evidence tiiat soggeata 
that receptor phosphor^atioin may play a rule in the 
regniatlon of receptor ftmction Is cflscussed^ — ^Hoscy, M. 

Ptveiaity of sii|iU.ui» , tngtimlnig^ and regulatioD within 
the ^rnily of rnnaCarnnc ciioGnergic receptors. FASEBJ, 
6i 94M5% 199?* 

Key Wards: ne^ttor phnspharyUi£on * acetylckotiru 



THE TWO TARGETS OF AGETSflLCHOLINE: 
THE MUSCARINIC AND THE NICOTINIC 
CHOLINERGZC RECEPTORS 

The regulatory effects of die neurotransmitter acetyl- 
choline (ACh*) arc diverse. Acetylcholine regulates the 
acdvity of peripheral excitable cells innervated by the 
autonomic nervous systenii as well as many different 
types of neurons innervated by cholinergic inputs 
throughout the central nervous ^^stem. When one con* 
uden that this angle molecule, acetylcholinep is involved 
in regulating such diverse physiological activides as 
mwde conttacdon^ heart rate» Aecrcdon, and memory 
retention, perhaps it is not so siirprifling that there is 
more diversity in die structure, signaling and regulation 
of cholinergic receptors than was previously recognized- 
Signal cransducdon mediated by acetylcholine occurs 
through two very different classes of receptors that are 
known as the muscarinic and nicotinic cholinergic re- 
ceptorB, These receptors were originally recognized as 
being distinct in that they could be differentially ac> 
tivated by nicotine and muscarine. The marvelous tools 
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AND NICOTTNIG RECEPTORS ARE 
UNRELATEJ> PROTEINS 



feature about the two Qpes of acetyl- 
is that they are structurally unrelated 
are members of diHerent receptor super- 
nic recepiors (nAChR) belong to the su- 
ifecepiorgated ion channels, whereas mus- 
s belong to the super£aniiiy of G protein 
reg;ulatory proteins}-coupled receptors 
lie receptors are pentameric membrane 
form nonselective catim channels (1). 
consist of two to four distinct hydro- 
that share a high degree of homology, 
nations of subunits, including ocgPryo^ 
been observed in different tissues and/ 
developmental stages (1). Acetylcholine 
subunits of the nAChR* resulting in open- 
channels. In marked contrast* muscarinic 
are single subunit proteins that are 
have seven transmembrane-apanning 
&irly large cytoplasmic domain between 
s^xth membrane^panning regions (see Hg. 
acetylcholine to the mACm( may invol^ 
Kobic domains (2) and likely causes con- 
hanges in the cytoplasmic regions that 
teins. 

main types of acetylcholine receptors do 
satne lineage. This is unusual with signal- 
Other neurotransmitters* hormones* 
and Hgands may act through multiple 
1 receptors, but it is unusual for reg- 
to act through totally uiurelated receptor 
s remarkable that the muscarinic type of 
eceptors are more homologous to the 
epinephrine, dopamine* and light than 
nicotinic receptors, which in turn aie 
to receptors for glutamate and gly- 
ihuscarinic receptors. As more derails are 
die binding domains for acetylcholine in 
d muscarinic cholinergic receptors, it will 
[o know what commonalities will be found 
The pharmacology for the two receptors is 
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ACh, acetylcholine; mAChR, muscaHnlc 
nAChR, nicotinic sicctylcholine receptor; 
polyphospholncMitidc; PARK* Adrenergic receptor kinase: 
' Ci PKA, cAMP-dependent protein kinase; 
binding regulatory proteins. 
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Figure I, Putative structure of a muscarinic receptor. This 
generic representation of roAChR subtypes is based- on tbe 
human ni2 rnAChR (10). The mAChR subtypes are h^hfy 
homologous in the membrane-spanning regions but exhibit 
considerable sequence divrndty ua die third cyiopla^ic loop. 
The area In the NHri^miinal region of the third cytoplasmic 
domain that has been found to impart oelectivxty in td^/O 
protein interaction (37) is indicated by the arrowhcads. 
CytoplasmlcaUy located serines and threonines In the m? 
DiAChR that could potentially be phosphoiylated arc repre- 
xntcd by the wlid circles and stippled circks* rc6pcctivcty< 
The only cytopbsmicaity oriented serines in all niAChR sub- 
types are in the third cytoplasmic loops (10-13). 



strikingt)^ different (with a few exceptions); nevertheless, 
the physiological regulator, acetylcholine, is the same. 



FAMILIES OF NICOTINIC AND NfUSCARINiC 
RECEPTORS 

The most recent reveladon about the choiinei]gic recep- 
tors is that there are fairly large femilies of nicotinic and 
muscarinic receptora. AU memben of the nicodnk: re- 
ceptor family are multiaubunit proteins. Elegant studies 
have addressed the roles of the various subunits and 
much has been learned about the structural basis tmdef^ 
lying the funcdonal diversity of the members of this su- 
perfamily of receptors (for example* see ref. 1). Much 
has been written about the nlcodnic receptors, as these 
were the first neurotransmitter receptors to be purified^ 
reconsdtuted, cloned, and expressed. In &ct, work on 
this type of receptor so dominated the £eld of choliner- 
gic receptors that for a while many investigators who 
worked with nicotinic receptors often referred to these 
as *'the" acetylcholine receptors, and the muscarinic 
receptors seemed to be poor relatives that were lost in 
the cxdtemcnL Tables cuml Recently, the field of mus- 
carinic receptors has had its share of glittering success. 
Thus, the focus of the remainder of this short review will 
center on the molecular aspects of the historically less 
well appreciated, but certainly not less inCeresting> family 
of muscarinic cholinei^c receptors. 



MOLECULAR DIVERSfTV OF MUSCARINIC 
CHOLINERGIC RECEPTORS 

Pharmacological studies firet suggested that more than 
One type of muscarinic choliner^gic receptor might exist 
A key finding was that the drug pirenzepine was found 
to act as a high-affinity antagonist at mAChR in certain 
brain regions, whereas it appeared to have almost a 
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hundred-fold lower affinity for cardiac mAChRs (S). This 
discovery led to many related invesdgadons, and tbe 
consensus conclusions were that the brain contained 
iptors, referred to as Ml receptors, that 
those in the heart, referred to as MS 
that receptors in endocrine cells could 
I as either Ml or MZ 
investigations into the molecular basis of 
logical diversity were aided by the avail- 
higlv^ffinity antagonists PHJquinuclidinyl 
~) and CHlN-methylscopolamine (NMS), 
affinity analog [^H]propylbenzil^choline 
a highly specific and useful affinity 
system, ABT-^pharose (4). With these 
intc receptors were identified as l(h to 
i, and no major di£Ecrcnccs were observed 
ir sizes of the receptors from different tis- 
ijiently. the receptors from porcine brain 
re purified (5, 6) and sufficient material was 
optain limited amino add sequence data. 
Numa's laboratory, which had previously 
ressed nictonic cholinerpc reireptor^ (1). 
results of the first cDNA doninff and ixr 
brain Ml receptor (7). Later that same 
(from Numa's laboratory) published the 
the cDNA, of the porcine heart M2 
This was confirmed in early 1987 by a 
that also expressed the heart M2 receptor 
cells and showed that it attenuated cAMP 
The results firom these studies demon- 
;he heart M2 and brain Ml muscarinic 
related, but different. The amino acid sc 
found to be 38% identical. Both ^e brain 
M2 muscarinic receptors were found to 
able homology to two previously cloned 
receptors, the light receptor rhodopsm 
renergic receptor. Thus, the muscarinic 
the third identified members of the ever^ 
:ent seven" femil^ of G protein-coupled 
of ^ich are predicted to possess seven 
regions. 

recognized that there are not only two» but 
s ibcypes of muscarinic receptors, and that 
subtypes are expressed in mammalian 
These five mAChR subtypes (now 
m2, m3, m4. and m5 accortung to the 
of Bonner ct aL, ref 11; see ref 14 for de- 
have similar predicted membrane 
and are homologous primarily in their 
anning domains (Fig. 1). Notably, the 
amonff these receptOTB is that tfaev each 
cyto[Uasmic domain in tbe third loop 
fifth and sixth transmembrane domains 
ugh the cytoplasmic domains for each of 
bty^s are veiy different from each other, 
similarity In these domains it is more ca- 
receptors that couple to the same mg- 
pathways (i.e., m3, and m5 are 
each other than to m2 and m4, and vice 



nomen clature) 



versa; see belo v) 

MUSCARINIC RECEFTOR SUBTYPES COUPLE TO A 
VARIETY OF SIGNALING PATHWAYS 



in the cytoplasmic domains of mAChR 
to play a major role in accounting for 
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the diveraity in the agn^ transduction events that are 
niediaied by the mACIiR subtypes, and may also be ciiti- 
eal in defining how each receptor subtype is regulated i 
The mAJdiR subtypes couple to muldple C proteins to 
modulate many different si^al transduction pathways 
(F%* 2), inchiding stimuladon of phospholipases C, 
and D. attenuation of cAMP synthesis^ sdmuladon of 
cAMP degradation, stimuladon of cGMP producdon. 
and regulation of several ion channels (15-27). Studies 
with various cell types diat have been transfected with 
vectors containing the cDNAs for the five identified 
mAChR subtypes have convincingly demonstrated that 
the ml, mS, and m5 mAChR subtypes can couple 
vigorously to stimulation of poIyphoEphouioudde (PI) 
hydrolysis (12, IS, 16, 17, 25), whereas die m2 and m4 
receptors signal attenuation of adenylyl cyclase, but are 
only weak stimulators of PI hydrolysis (and apparently 
this latter event occurs only in some ceUs) (15-17^ 25). 
Studies of other signaling events initiated by the doned 
mAChR subtypes have revealed differences in their 
abilides to stimulate phospfaolipascs and ioa channels 
(16, 18, 20-27). 




F%are 2. Socnc of die Bign^ transducdon pathways modulated 
by muscarinic receptors. This schcTnatic rcprcscntadon is 
based on events regulated by znAChR in cardiac ceUs, but is 
generally appiicaible to other cells types, althov^b not all sig- 
nading padnvays that are regulated by itiAChR subtypes are il- 
lustTHtcd. The attetkuacion of adenylyl cyclase and the stimula- 
don of IC* channels appear to involve signaling through Gi 
proteins. The atlmuladon of Pl-spedflc phoflpholipase C may 
involve a (pertussin toun-inscnsitive G protein that stimu- 
lates phospholipasc C) such as the recently dcacribcd (28) 
and/or, in certain cdU, pcrtvissis tdiun-sen strive G proteins 
such as Gv and d. As described in die text, the actenuadon of 
adenylyl cyclase occurs through m2 and ni4 mAChR subtypes, 
whereas the sdmulation of phospholipasc C occurs moat 
vigorously widi ml, m3, and m^ recepcnrsp and to lesser ex- 
tents with m2 and m4 receptors. The quesdon mark after G» 
indicates that the consequences of mAChR/Cb intcracdon are 
not well established. The mechanism by which mAChR in- 
oeaK cGMP production appears to occur secondarily to in- 
creases in intracellular Ca^* and activadon of a C^^/calmo- 
dulin dependent NO synthase, which in turn JeadA to 
activatioa of soluble guanylate cyclase (32). Increased intracel- 
lular Ca^^ and/or cGMP also contribute to decreased 
cAMP levels via acthraUon of a Ca^/calmoduKn sensitive or 
cGMP-scnsitivc phosphodiesterases^ respecdvely. 
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in signaling is achieved in several ways, 
that a single mAChR subtype is capable 
i^ore than one type of G protein in a single 
is illustrated by elegant studies performed 
■ I transfected with ml receptor cDNAa 
toxin, which ADP-nbosyiates G; and Gk» 
i^eceptor/Q or Go interactions, was used to 
the types of O proteins that interact with 
~ ~ In these cells, the ml receptors stimu- 
is through pertussis toxin^nsitive and in- 
(l'^. These rrsults also demonstrate 
of mAChR can actxvaxe more than one 
legulate one type of effector (1 rCCeptor/2 
cfiector) . 

a dngle mAChR is capable of coiipling to 
effector. For example, in CHO cells 
die m2 mAChR subtype (15), the m2 
ate adenylyl cyclase and stimulate PI 
coupling to cyclase is inhibited by nertu*- 
eas sdmuladon of phosphoinosidde nydro- 
!.ess sensitive to pertussis toxiop suggesting 
at of another G protein (15). Similarly, in 
cells that contain predominately (or 
the ni2 mAChR, the mAChRs atten* ' 
cyclase and activate channels in a p^ 
manner, and stimulate PI hydrolyais 
:oxin-in sensitive manner (29» 30). Further^ 
cells contain almost as mUCh Co ^ and 
are also capable of actrvating Go (31), 
!3liysioIogical role of mAChR/Go coupling 
ains unknown. Thus,- a single type of 
to couple to one or more G pnueins to 
signal transduction pathways. 

of a single ruAGhR sulNypC to multi*^ 
c^cur through one G protdn? It has not 
demottstiated whether, in the microen- 
single cell, a single G protein is used lo 
^ multiple effectors. For example, it is not 
clardiac m2 mAChR activate K* channels 
Ci protein it uses to attenuate adeny^ 
many isoforms of Gi hacve been di»> 
Rested for differences in their functional, 
Sadies with recombinant isoforms of Gt 
that all forms so far tested can sufh 
of R* channels (30). Nfany laboratories 
if specific isoforms of C| and Go 
different signaling events regulated by 
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involved in the 'Jctivation of some signal 
pathways by mAChR subtypes have not 
extensively as others. For example, less 
I the receptor-mediated activation of 
As and D (18, 26, 27). The mechaiusm or 
injvolved in the muscarinic rcceptDr^epen<l- 
cCMP synthesis appears to result secon- 
Ca^* -dependent step. In this instance a 
ted increase in intracellular Ca^, such as 
I'cceptor-mediated increases in IP3, is 
td to activation of a Ca^Vcalmodulin^le- 
oxide (NO) synthase, which in tuns leads 
formation and activation of soluble 
5 (for example, sec 32). These and other 
modulated fa^ mAChR subtypes are the 
ongoing investigations. 
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THE THIRD CYTOPLASMIC LOOPS CO>rrAIN 
MAJOR DETEllMINANTS FOR mAChR/G-PROTEIN 
INTERACnONS 

Srudics of chimeric receptors and deletion mutants of 
the mAChR subtype* have demonstrated that major sites 
for the interacdon of mAChR subtypes with C proteins 
are contained in the cytoplasmic domains. In pardcular, 
the NHz-terminal region of the third cytopiasmic loop of 
the mAChR subtypes (Fig. 1) appean to contain crucial 
determinants in allowing the receptors to recognize G 
proteins (33-37). The replacement of a 12-amino-acid 
segment in this region of the ml mAChR with the cor- 
responding peptide from the turkey p-adrcnergic recep- 
tor resulted in muscarinic receptors that signaled like 
adrenergic receptors,, i.e., they stimulated adenylyl 
cyclase via G» <35). Studies with chimeras of the m2 and 
m3 mAChR showed that transfer of segments as small as 
9-21 amino acids from this same region can spcdiy an 
m2 mAChR to signal like an m3 mAChR and vice versa 
(37). However, addidonal portions of this loop as well a^ 
determinants in the second cytoplasmic loop alAo appear 
to play important roles (35, 36). 

Other evidence that suppiorts the concept that the 
third loop contains important structural informadon for 
signaling has been obtained from using antibodies and 
peptides (38). Antibodies prepared against synthetic 
peptides corresponding to various regions of the third 
cytoplasmic loops for the various mAChR subtypes are 
capable of selecdvely perturbing raAChR/G protein in- 
teracuons. This was demonstrated using purified and 
reconstituted Chick heart receptors and C proteins (38), 
When peptides corresponding to the NHj-terniinal 
region of the third loop of the m4 receptor were prein- 
cubated with purified Go» they were foxmd to block any 
subsequent interaction between the chick heart recep- 
tors and Go (38)/ 



REGULATION OF MUSCAJRINIC RECEPTOR 
SUBTWES BYPHOSPHOKYLATlON-DEPENDE>nr 
PROCESSES 

Like many other receptors^ muscarinic receptors desen- 
sitize and down-regulate in response to prolonged agon- 
ist stinnulatlon. It appears likely that there are diverse 
mechanisms involved in these processes. This is not 
surprising in view of the diversity of signaling events that 
are regulated by receptor activation. Direct and indirect 
evidence supports the concept that mAChR subtypes are 
regulated by multiple events involving protein phos- 
phorylation^ as suggested first by Burgoyne (39). Several 
groups have demonstrated that mACnRs in variou5 cell 
types exhibit diminished acuities in response to pto-> 
longed agonist activation, and in several cases this eSect 
of agonist can be mimicked by activators of protein 
kinases (40-44). Notably, in several neuronal cell lines> 
activation of protein kinase C appears to have striking 
effects on mAChR. function (reviewed in ref. 44). 

Studies with avian and manunalian cardiac mAChRs 
have demonstrated chat the mAChR are phosphorylated 
in an agonist-dependent manner in intact ceils (45-^7). 
In both cases, stimulation of ^-labeled tissue with a 
muscarinic agonist leads to increased phosphorylation of 
the mAChR in the intact cells (Fig. 3). The stoichio- 
metry of phosphorylation is 3-^ mol phosphate/mol 
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" into threonine residues (46). 
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aconisi treatment) and occurs on serine 
threonine (30-40%) residues (46. 47). 
h^art preparation has been the most well 
chick ventricle is a relatively rich and 
of mAChRs. In these celb. agonist-de- 
phosphorylation of the receptors appears to 
a decreased affinity of the receptora for 
th a decreased ability of the receptors to 
gathre inotropic response (46). Tne time 
dose-response relationships for agonists to in- 
rylation correlate with those that produce 
properties. Thusv at least in cardiac 
undergo phosphorylation in a manner 
It with the hypothesis that phosphoryla' 
Receptors may be an important reaction in 
r events that result in desensitxzation. 
of mAChR phosphor^tion have not yet 
out in other intact cell preparations* 
reiceptor phoshorylation with brain slices 
con promised by the known heterogeneity of 
btain, whereas studies with neuronal cell 
been possible because most of these cells 
eedingly small number of receptoni 
protein) r making studies of protein pho»* 
:ly difficulL Studies of cells trans- 
mA^ChR DNA and expressing h^h leveb of 
provide a fruitfiil approach. 
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liestions is: What are the pathway or path- 
to mAChR phosphorylation? Because the 
Ic to multiple efiectors» many of which ul^ 
on or off phosphorylation^ependent 
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phoiylated by protein ionases that are regulated by cas- 
cades triggered by mAChR activation. In chick cardiac 
cells, none of the cooimon activators of 'garden variety" 
protein kinases (in pardcular cyclic nucleotide analogs, 
activatora of protein kinase C a Ca** ionophorc, or cal- 
modulin inhibitors) cause phosphoiylation of the recep- 
tors in the absence of a muscarinic agonist (46), Phos- 
phorylation of mAChRs in cardiac cells is also not 
produced by activation of adenoaanc receptors* which in 
these cells couple to many of the same signal transduc- 
tion pathways as the mAChRs* Taken together, these 
results suggest that either the iz&AChRs must be occupied 

San agonist in order to serve as a substrate for phos- 
orylation (Fig. 4) and/or that the protein kinases 
commonly activated by signal transduction pathways do 
not participate in the agonist-dependent phoophoryla- 
tion of the mAChRs. The latter possifaiUty is difficult to 
directly trst in intact cells, because if only the agonist-oc- 
cupied receptors can act as substrates^ then one would 
not observe phosphorylation of the receptors when ac- 
tivators of signaling pathways or of protcizi kinases arc 
used in the absence of an mAChR agonist. If only 
agonist-occupied mAChR can serve as substrates for 
phosphorylauon* the amount of phosphorylation ob- 
served wiU only be proportional to the amount of sub- 
strate (agonist-occupied receptor) presenL 

The agonist-dependent phosphorylauon of oiAChRs in 
intact cells is strikingly simuar to that observed for 
several other members of the G protein-coupled super- 
family of receptors. Most notably, the ^adrenergic 
receptors and rhodopsin undergo agonist-dependent 
phosphorylation in intact cells (for eseaznplea, see ref. 
46), For these latter receptors^ reccrptor-spedfic protein 
kinases that arc refierred to as the p^drenergic receptor 
kinase (0ARK) and rhodopsin kinase, respectively, have 
be«ni identified and «hown to phosphorylate their respec- 
tive receptors in a manner that is highly agonist-depend- 
ent (see ref* 48 and references therein). No second mc^ 
sengers appear to be invoked in these reactions. Rather, 
the phosphoTylations appear to be highly dependent on 
conformational changes induced by agonist 
(norepinephrine or tight). The ^onist unoccupied, or 
aniagonist-occupiedL receptors are poor substrates for 
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figure 4. Model to describe the agonist-dcpcndcnt pho»- 
phorylaiion of mAChR. In this model, baaed on results ob- 
tained with chick bean mAChR (46), agonise binding to the 
recq)t9T« induces a conformational change in the protein that 
allows them to become substrates for a muscarinic acetyl 
choUne receptor kinase (MARK). Although no specific MARK 
has been identified, the Adrenergic receptor kinase pho^ 
phorylaies chick heart mAChR in an agonist-specific manner 
(49). The phosphatases that d^hosphoiyiate the mAChR have 
not been ideniifled. 
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To determine whether similar reactions 
the agoni&t-dependent phosphoryiation of 
es using purified mAChR reconstituted 
t free liposomes have been useful. With 
mAChRs from chick heart act as excel- 
in vhro for ^ARK (see ^ and ref. 49); 
are phosphorylated as efficiently by 
adrenergic receptors. The phosphoryla- 
by pARK occurs in a strictly agonist-de- 
(Fig. 5) and with a sloichlometry and 
lectivcly that is strikingly similar to what is 
agonist^timulated intact cells. The mAChRs 
porcine heart and brain have also been 
to be substrates for what appears bo be a 
pAR^-tikc enzyme (the kinase was only partially 
I identity is not certain) (50). 
is tempting to speculate that pARK or a 
phosphorylates ntAChRs in intact cells, 
is required to establish that this is so. In 
ent studies have suggested that the abili^ 
br^n and cardiac mACbR« to serve as sub- 
partially punfied ^ARK-like enzyme could 
C proteins (51). If this is iiuleed due to 
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st-dcpendent and -independent pbosphoryla* 
mAChR in vitro by the ^«drenerglc recep- 
protein kinase C. Autoradiogram depicting 
chick heart mAChR thai were &vx purified and 
DO liposomes and then phospborylaied in vliro 
idrenergic receptor kinase or protein kinase C 
or fll>sence of the agonist carbachol. Note the 
dependence of the ^ARK lestction, and in coa- 
'independcnt phosphorylation by protein 
~ with permission ft-on) ref 52) . 
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a reaction cacatyzed by PARK the situadon would be dif- 
ferent from the homologous system of the 3^drcneirgic 
receptors where no role of G proteins has been sug- 
gested the modulation of pho^horyladon. However, 
«tnictural diversity may underlie interesting differences 
diat may o<:cur in the regulation of these related^ yet dis- 
tinct, G protein-coupled receptor systems. Of note in 
dlis regard is that for both the p-receptors and rhodop- 
ain» the phosphorylations catalyzed by and 
rhodopsin kinase, respecdve)y» have been proposed to 
occur in the serine/threonine-rich COOH-tcrmtnal tails 
(see ref 48). Interesdngly, none of the mAChR subtypes 
have serine/threonine*rich COOH-terminal tails (10- 
12).Jnstead, the only serine residues (which account for 
60-70% of the phosphoainino acid$ in phosphorylated 
mAChR; refe 46, 47, 49, 52) available for pho>$phoryla- 
cion in the various mAChR subtypes are found in the 
third cytoplasmic domains (Fig. 1). As these regions are 
involved in coupling the receptors to G proteins (5S- 
-38), it might not be surprising to find that sites for inter- 
actions with G proteins and sites for regulation by 
phophorylation might physically interact to modulate 
both the abilides of the mAChRs to activate G proteins 
and to undergo phosphorylation. 

Another class of proteins plays a role in the regulation 
of the p-receptors and rhodopsin by phosphoryladon. A 
protein known as arresdn for rhodopsin and ^^uresdn 
for the ^-adrenergic receptor appears to bind to the 
receptors only when they are phosphorylated and to 
modify their ability to interact with their respective G 
proteins (48). It is not yet known if similar proteins par- 
ddpate in the reguladon of mAChR. 



MUSCARINIC RECEPTORS ARE SUBSTRATES FOR 
MULTIPLE SECOND MESSENGER^CnVATED 
PROTEIN KINASES 

Many cellular studies have suggested that mAChR sub- 
types might be directly regulated by protein kinase 
C(FKC) (44). In support of this concept, the puri6ed 
chick heart mAChR (Fig. 5 and ref 52) and porcine 
cerebral mAChR (59) are excellent substrates for phos- 
phorylation by purified PRC in vitro. The rate of phos- 
phorylation of the avian heart mAChRs catalyzed by PRC 
is significandy more rapid than that catalyzed by pARK, 
whereas the stoichiomeiry and amino acia selecdvicy are 
similar (5 mol phosphate/mol receptor, predominately 
on serine reetidues) (52). Perhaps the most striking dif- 
ference between the phosphorytauon of mAChR cata- 
lyzed by PARK and by PRC is diat, unlike the PARK 
mediated reacdonSp the PKC-mediated. phosphorylation 
occurs in a totally agonist-independent manner (Fig. 5 
and refe 52, 53). The lack of requirement for agonist oc- 
cupancy for PKC-mediated phosphorylation suggests a 
potential role for PK&mediated phoaphor)^don in the 
heterologous desensitization of ixiAChR (i.e.. desensitiia- 
tion that is not initiated by the mAChR but by activation 
by another receptor of a common signaling pathway that 
may feed back on the mAChR). 

The functional consequences of PKC-mediated phos- 
phorylation have been studied initially in vitro and ap- 
pear to involve modulation of mAChR/G protein inter- 
actions (52). However^ an important caveat is that it is 
not yet known whether these reactions occur in intact 
ceUs^ as other studies failed to reveal phosphorylation of 



iibtypej 



p -oteu 



mAChRs in 
protein kinasr 
diat mami 
strates for 
in avian and 
noted (47). 
mAChR suF 
the role of 
proteins. 

Other studi 
mAChR (like^ 
porcine 

for cAMP-debendent 
more, anothe! * 
the ability of 
to serve as 
nificance of 
activity of PK^ 
m2 and m4 
activation of 
cells ^vigoroijis 
conutant i 
creases in 
moduiiiv«ensiiive 



intact chick heart cells after treatment with 
C activators (46). Furthermore, it appears 
Ml cardiac receptors do not serve as sub- 
: (43» 54). However, significant differences 
mammalian cardiac oiAChRs have been 
Further studies of phosphorylation of 
s in intact Cells are required to eluddate 
in kinase C in the regulation of these 



es have demonstrated that purified brain 
a mixtiu-e of mAChR subtypes) (55) and 
1 m2 mAChR (54) arc substrates in vitro 
protein kinase (PRA). Furthei^ 
study suggested that PKA might modulate 
the m2 n>AChR« but not the ml mAChR, 
for PKC (43). The physiological sig- 
tKese findings are not known bec^ise iSc 
Ji should be attenuated by the activation of 
receptors and remain unchanged after the 
mS. or m5 receptors. However, in K>me 
activation of Fl hydrolysis with con- 
es in intracellular Ca^^ could lead to iifr- 
' as a result of activation of a Ca'Vcal- 
adenylyl cyclase. 



WHICH MUSfcARINIC RECEPTOR SUBTYPES ABE 
REGULATED BY PHOSPHORYLATION AND WHAT 
ARE THE FUNCnONAL CONSEQUENCES? 
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reminder in considering the regulation of 
phosphorylation is that, so far, almost all 
that receptor phosphoryladon oc- 
cells have used the chick heart as a model 
it is stiJl unclear as to which mAChR 
-kpressed and regulated by pho^horylation 
[ It is posdbie that more than one mAChR 
expressed in avian cardiac cells» in con- 
i^ialian cardiac cells that appear to escprcss 
type. An avian m2 mAChR likely exists in 
an m2 cDNA has recently been isolated 
from a chick heart cDNA library (56, and 
M. M. Hoscy. unpublished results); how- 
t also may express an avian m4 mAChR, 
t>y results of Northern analyses of chick 
an avian m4 probe (56). Thus, despite 
ijhe chick heart model, it has not yet pro- 
answers to the quesUon of which 
:s are regulated by phosphorylation, 
s approach to understanding subtype- 
ion of mAChR is to use cells transected 
for the mAChR subtypes. This approach 
uniquely expressing a single mAChR 
lUgh the use of different expresnon sys- 
cl of expression can be enhanced to 
of the phosphorylation of the proteins, 
studies is that not ail the recepcors in 
-expressing the receptf>rs may be appro- 
to G proteins and/or signal traiwduc- 
This coidd complicate studies that seek to 
phosphorylation with desensitization 
gijlation. The future promises to be an ex- 
unraveling the molecular basi^ of desen- 
kChR subtypes and for understanding the 
pholsphorylation by receptor-specific ana ge^ 
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neric pTx>tcin kinases have in regulating the activities of 
the diverse and highly interesting noAChR subcypes and 
related G protein-coupled receptors. 
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